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INTRODUCTION 
\ 

In t h e  a t t empt  t o  produce h i g h e r  molecular  weight  oxygenated compounds from 
s y n t h e s i s  g a s  (Hp + CO) f o r  u t i l i z a t i o n  as f u e l s  and i n t e r m e d i a t e  chemica ls ,  an  ap- 
proach t o  c a t a l y t i c a l l y  forming  h i g h e r  a l c o h o l s  i s  t o  combine a n  a lkyl - forming  a g e n t  
w i th  a methanol s y n t h e s i s  c a t a l y s t .  
a r e  ve ry  s e l e c t i v e  f o r  t h e  s y n t h e s i s  of methanol  (1-3). On t h e  o t h e r  hand, coba l t -  
and iron-based c a t a l y s t s  promote t h e  F ischer -Tropsch  s y n t h e s i s  (4 ,5)  of hydrocarbons .  
The Fischer-Tropsch p rocess  c o n v e r t s  s y n t h e s i s  g a s  t o  a mix tu re  of predominant ly  
l i n e a r  a l k a n e s  and a l k e n e s  r a t h e r  non- se l ec t ive ly  b u t  i n  such  a manner t h a t  t h e  
product  d i s t r i b u t i o n  wi th  r e s p e c t  t o  carbon cha in  l e n g t h  d i s p l a y s  a r ecogn izab le  
p a t t e r n  (6-8), commonly r e f e r r e d  t o  as t h e  Schulz-Flory d i s t r i b u t i o n  (9 , lO) .  T h i s  
d i s t r i b u t i o n  a r i s e s  from t h e  s t e p w i s e  c a t a l y t i c  po lymer i za t ion  and hydrogena t ion  of  
CO by p rocesses  whose r e a c t i o n  mechanisms have n o t  been f u l l y  e s t a b l i s h e d  (11-13).  

U t i l i z i n g  mixed c o p p e r l c o b a l t  c a t a l y s t s  h a s  l e d  t o  enhanced s e l e c t i v i t i e s  f o r  

It i s  well-known t h a t  copper-based c a t a l y s t s  

t h e  s y n t h e s i s  of h ighe r  a l c o h o l s  (14-19). However, t h e  q u a n t i t y  of hydrocarbons  
formed were g r e a t e r  than  t h e  q u a n t i t y  of h i g h e r  a l c o h o l s  formed (18 ,19) ,  methane w a s  
t h e  dominant product  (15 ,16) ,  o r  methanol w a s  t h e  most s e l e c t i v e l y  formed p roduc t  
(14 ,17 ,18) .  It appea r s  t h a t  t h e  coppe r / coba l t  c a t a l y s t s  t h a t  c o n t a i n  s m a l l  amounts 
of c o b a l t  (<8 wt%) are p r i n c i p a l l y  methanol s y n t h e s i s  c a t a l y s t s  i n  which t h e  c o b a l t  
has  suppressed  t h e  c a t a l y t i c  a c t i v i t y  wh i l e  s h i f t i n g  t h e  s e l e c t i v i t y  toward h i g h e r  
molecular  weight  p roduc t s  (19) .  
i n d i c a t e s  t h a t  they  a r e  formed by a Fischer-Tropsch mechanism. 

The d i s t r i b u t i o n  of p roduc t s ,  which a r e  l i n e a r ,  

Iron-based Fischer -Tropsch  c a t a l y s t s  a r e  u s u a l l y  promoted w i t h  copper ,  e .g .  20% 
Cu r e l a t i v e  t o  Fe (20-23),  where t h e  copper  i n c r e a s e s  t h e  a c t i v i t y  o f  t h e  c a t a l y s t s  
v i a  i t s  redox p r o p e r t i e s  d u r i n g  t h e  p r e p a r a t i o n  of t h e  c a t a l y s t s  (20,22). 
a t e s  are o f t e n  observed as p roduc t s  over  t h e s e  c a t a l y s t s ,  b u t  t h e  y i e l d s  o f  t h e s e  
p roduc t s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r e a c t a n t  stream space  v e l o c i t y ,  e.g.  more 
oxygenates  a r e  formed a t  lower g a s  hour ly  space  v e l o c i t i e s  (GHSV) (21 ) .  The l i n e a r  
p roduc t s  t h a t  are syn thes i zed  o v e r  t h e s e  c a t a l y s t  f o l l o w  t h e  Schulz-Flory d i s t r i b u -  
t i o n .  

Oxygen- 

The  p r e s e n t  work has  u t i l i z e d  a we l l - cha rac t e r i zed  Cu/ZnO = 30170 mol% methanol 
s y n t h e s i s  c a t a l y s t  ( 2 , 2 4 - 2 7 )  i n t o  which small amounts of i r o n  have been in t roduced .  
It i s  shown t h a t  t h e  i n c o r p o r a t i o n  of  t h e  l a t te r  a lkyl - forming  agen t  caused  t h e  
p roduc t ion  of  h i g h e r  molecular  weight  compounds, bo th  p a r a f f i n s  and o l e f i n s ,  as w e l l  
a s  a l coho l s .  

EXPERIMENTAL 

The Fe/Cu/ZnO c a t a l y s t s  were c o p r e c i p i t a t e d  from hea ted  n i t r a t e  s o l u t i o n  by 
sodium ca rbona te ,  c a l c i n e d ,  p e l l e t i z e d ,  and reduced w i t h  H z / N 2  = 2/98 vo l% a t  250'C 
accord ing  t o  a procedure  p r e v i o u s l y  desc r ibed  i n  d e t a i l  f o r  t h e  b i n a r y  Cu/ZnO cata- 
l y s t s  (2,25). A schemat ic  of t h e  c a t a l y t i c  r e a c t o r  sys tem has  been p resen ted  ( 2 ) .  
bu t  a high p r e s s u r e  u n i t  f o r  pumping l i q u i d s  i n t o  t h e  s y n t h e s i s  gas  s t ream a t  a 
r e a c t o r  p r e s s u r e  of 75 a t m  has  been added a t  t h e  t o p  of t h e  r e a c t o r  p r e h e a t e r  sec-  
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t i o n  (28) .  The e x i t  g a s  was reduced t o  ambient p r e s s u r e  and was sampled approximate- 
eve ry  h r  u s i n g  a hea ted  au tomat i c  sampling v a l v e  and ana lyzed  us ing  a n  on - l ine  
Hewlett-Packard 5730A g a s  chromatograph coupled  wi th  a H-P Model 3388A I n t e g r a t o r /  
C o n t r o l l e r .  
u id  i n j e c t i o n  i n t o  t h e  H-P GC and a Finnigan  4021 GC/MS/Nova system. The a n a l y s e s  
r e s u l t e d  i n  less t h a n  2 %  e r r o r  i n  t h e  carbon atom ba lance .  

Condensables  ( a t  0°C) w e r e  c o l l e c t e d  and f u r t h e r  ana lyzed  by d i r e c t  l i q -  

The c a t a l y s t s  were  c h a r a c t e r i z e d  by BET s u r f a c e  a r e a  d e t e r m i n a t i o n  us ing  a rgon 
a n d  by e l e c t r o n  microscopy u s i n g  a P h i l i p s  400T e l e c t r o n  microscope  f i t t e d  w i t h  a 
STEM u n i t  and a n  X-ray ene rgy  d i s p e r s i v e  spec t romete r .  

RESULTS 

The i n f l u e n c e  o f  i r o n  c o n c e n t r a t i o n  on t h e  c a t a l y t i c  a c t i v i t y  of  t h e  Fe/Cu/ZnO 
c a t a l y s t s  was de te rmined  f o r  t h e  u s u a l  t e s t i n g  c o n d i t i o n s  employed f o r  methanol syn- 
t h e s i s  c a t a l y s t s .  The  r e s u l t s  a r e  g iven  i n  T a b l e  1, and i t  is ev iden t  t h a t  t he  ac- 
t i v i t i e s  of  t h e  c a t a l y s t s  d e c r e a s e  w i t h  i n c r e a s i n g  i r o n  con ten t .  These  convers ions  
can be compared w i t h  t h e  55 2 5% carbon conve r s ion  observed  w i t h  t h e  undoped Cu/ZnO = 
30/70  methanol  c a t a l y s t  (26).  The c a t a l y s t  c o n t a i n i n g  t h e  lowes t  i r o n  con ten t  pro- 
duced predominant ly  me thano l ,  w h i l e  t h e  c a t a l y s t  c o n t a i n i n g  9 .0  mol% i r o n  produced an  
a p p r e c i a b l e  q u a n t i t y  of  waxes. The re fo re ,  t h e  Fe/Cu/ZnO = 1.2 /31 .8 /67 .0  c a t a l y s t  was 
chosen f o r  f u r t h e r  s t u d y .  

In examining t h e  e f f e c t  of C02 c o n c e n t r a t i o n  i n  t h e  s y n t h e s i s  g a s  on  t h e  a c t i v -  
i t y  a n d  s e l e c t i v i t y  o f  t h e  c a t a l y s t ,  i t  was observed t h a t  t h e  maximum conver s ion  t o  
p roduc t s  (12.0 mol%) and t h e  g r e a t e s t  s e l e c t i v i t y  t o  C2-C7 hydrocarbons  (60.7 C atom 
X )  occur red  w i t h  a Hz/CO/CO2 = 70/28/2  vol% s y n t h e s i s  gas .  However, t h e  h i g h e s t  se- 
l e c t i v i t i e s  toward methanol  and methane were produced by t h e  H2/CO/CO2 = 70/24/6 v o l %  
s y n t h e s i s  g a s  ( s e e  T a b l e  1). On t h e  o t h e r  hand, t he  h i g h e s t  s e l e c t i v i t y  toward t h e  
C p C 5  a l c o h o l s  (17.1%) w a s  ach ieved  w i t h  Cop-free H z / C O  = 70/30  s y n t h e s i s  g a s  t o  
y i e l d  a Cz-C5/C1 a l c o h o l  molar  r a t i o  of  0.61. 

Using t h e  b i n a r y  H2/CO s y n t h e s i s  gas ,  t h e  e f f e c t  o f  t h e  p a r t i a l  p r e s s u r e  of t he  
r e a c t a n t s  on t h e  h i g h e r  a l c o h o l  s y n t h e s i s  was i n v e s t i g a t e d .  The r e s u l t s  a r e  pre-  
s en ted  i n  Tab le  2 ,  a n d  i t  i s  ev iden t  t h a t  as t h e  H 2 / C O  r a t i o  dec reased ,  the  % carbon 
convers ion  t o  p r o d u c t s  a l s o  decreased .  However, the  wa te r  g a s  s h i f t  r e a c t i o n  became 
more e f f i c i e n t  a t  t h e  same time s o  t h a t  t h e  s e l e c t i v i t y  of CO conve r s ion  t o  CO2 in- 
c reased  a s  t h e  H2/CO r a t i o  dec reased .  A s  t h e  l a t t e r  r a t i o  dec reased ,  t h e  s e l e c t i v -  
i t y  toward t h e  h i g h e r  a l c o h o l s  r e l a t i v e  t o  methanol i n c r e a s e d .  Analyses  of t h e  con- 
densab le  l i q u i d s  c o l l e c t e d  from t h e  r e a c t i o n s  w i t h  t h e  low H 2 / C O  r a t i o  s y n t h e s i s  
g a s e s  showed t h a t  traces of 2-methyl-1-propanol and 2-methyl-1-butanol were p re sen t .  
It was e s t i m a t e d  t h a t  t h e s e  trace compounds were each  less t h a n  5 w t %  of  t h e  t o t a l  
C4 and C5 a l c o h o l  p r o d u c t .  

In  s t u d y i n g  t h e  e f f e c t s  of t h e  s y n t h e s i s  g a s  f eed  r a t e  on a l c o h o l  s y n t h e s i s ,  
t he  i n l e t  GHSV w a s  v a r i e d  i n  f o u r  s t e p s  from 2500 t o  6250 hr-1 ( c o n t a c t  t i m e  = 1.44 
t o  0.58 s e c ,  r e s p e c t i v e l y )  w i t h  t h e  H2/CO = 50 /50  g a s  mix tu re .  A s  t h e  c o n t a c t  time 
inc reased ,  t h e  carbon conve r s ion  t o  a l c o h o l s  and hydrocarbons  i n c r e a s e d  i n  a d i r e c t -  
l y  p r o p o r t i o n a l  manner. 
mained r e l a t i v e l y  c o n s t a n t  a t  2 .1  f 0 .1 ,  w h i l e  t h e  a l coho l /hydroca rbon  molar r a t i o  
decreased  w i t h  i n c r e a s i n g  c o n t a c t  time. Thus, l o n g e r  c o n t a c t  times favored  hydro- 
carbon s y n t h e s i s ,  w h i l e  s h o r t e r  c o n t a c t  times s h i f t e d  t h e  s e l e c t i v i t y  towards  t h e  
a l c o h o l s .  

The carbon atom r a t i o  o f  h i g h e r  a l c o h o l s  t o  methanol re- 

T h i s  i n d i c a t e s  t h a t  bo th  a l c o h o l s  and hydrocarbons  are pr imary  p roduc t s .  

T h i s  was f u r t h e r  suppor ted  by i n j e c t i n g  l i q u i d  i sopropylamine  i n t o  the  i n l e t  
s y n t h e s i s  g a s  s t r eam under  t h e  expe r imen ta l  c o n d i t i o n s  g iven  i n  Tab le  3. 
q u a n t i t y  of  i sop ropy lamine  pumped i n t o  the  sys tem had l i t t l e  e f f e c t  on  the  carbon 
convers ion .  However, t h e  p roduc t ion  of  a l c o h o l s  was comple te ly  suppres sed ,  wh i l e  
t h e  s y n t h e s i s  of  hydrocarbons  w a s  on ly  p a r t i a l l y  i n h i b i t e d ,  p a r t i c u l a r l y  t h e  forma- 

The s m a l l  
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TABLE 1 

Conversion of H2/CO/C02 = 7012416 v o l %  S y n t h e s i s  Gas t o  P roduc t s  a t  250"C, 75 atm, 
and GHSV = 5000 hr-1 ove r  PelCuIZnO C a t a l y s t s  

FeICulZn (mol%) 0.3132.1167.6 1.2131.8167.0 9.0/31.4/59.6 ' C a t a l y s t  Charge (8) 2.4547 2.4556 2.6971 
\ 

T o t a l  Conversion 
CO + C02 (mol%) 23.1 10 .6  8.3 

(mollkg c a t / h r )  17.0 8 .0  6.3 

S e l e c t i v i t y  (C atom%) 
Methanol 
Ethanol  
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
Methane 
Ethane 
E thy lene  
Propane 
Propylene  
C4-C7 Hydrocarbons 
C5+ Alcohols  and 

c8+ Hydrocarbons 

95.2 
0.4 
0.0 
0.0 
0.0 
0.0 
1 .4  
0.7 
0.0 
0 .1  
0.0 
2 . 2  

0.0 

16.0  
4 .2  
2.4 
0.2 
1 .4  
0.7 

24.3 
9 .0  
1 . 0  

12 .4  
1 . 0  

23.3 

4 .1  

5 .1  
7.8 
2.8 
0.2 
2.2 
1 .2  

17.9 
10.2 

1 .0  
7.3 
7.6 

24.5 

11.2 

Group Mole R a t i o s  
C2-C5 Alcohols/Methanol 0.002 0.22 1 . 1 2  
C1-C5 Alcohols/Ci-C7 

C2-C3 Olefins/C2-C3 
Hydrocarbons 38.9 0 .51  0.31 

P a r a f f i n s  0.0 0 .10  0.47 

Y i e l d s  (g lkg  c a t / h r )  
I Methanol 518 41 .0  10.3 

C2-Cg Alcohols  1 .6  15 .6  18 .3  

t i o n  of  methane and e thane .  
toward longe r  cha in  molecu le s  and ,  as i n d i c a t e d  i n  Tab le  3 ,  from p a r a f f i n s  t o  o l e -  
f i n s .  It i s  ev iden t  from t h e  d a t a  f o r  t h e  amines  t h a t  t h e  i n j e c t e d  i sop ropy lamine  
p r i n c i p a l l y  t r apped  methyl  and e t h y l  groups .  

Thus, t h e  hydrocarbon d i s t r i b u t i o n  was s h i f t e d  s l i g h t l y  

1 A reduced FeICulZnO = 1.2131.8167.0 c a t a l y s t  was examined by e l e c t r o n  microsco- 
py a f t e r  be ing  u l t r a s o n i c a l l y  d i s p e r s e d  from an  e t h a n o l  suspens ion  on to  a carbon- 
coa ted  t i t an ium g r i d .  M e t a l l i c  copper  c r y s t a l l i t e s ,  p redominant ly  w i t h  a d i ame te r  
of about  5.0 nm, were suppor ted  on t h e  ZnO m a t r i x .  E l e c t r o n  d i f f r a c t i o n  showed t h a t  
Cu ( i l l )  p l anes .  Using a 5 nm e l e c t r o n  probe ,  energy  d i s p e r s i v e  X-ray a n a l y s i s  of  
t h e  ZnO phase i n d i c a t e d  t h a t  i t  con ta ined  abou t  15% Cu and 0.8% Fe. A few b ime ta l -  
l i c  Fe-Cu p a r t i c l e s  were observed  t h a t  con ta ined  more i r o n  than  copper .  However, i n  
g e n e r a l  t h e  i r o n  w a s  homogeneously d i s p e r s e d  over  t h e  c a t a l y s t .  

Ana lys i s  of a t e s t e d  c a t a l y s t  by Auger spec t roscopy  i n d i c a t e d  t h a t  t h e  a tomic  
composi t ion  of t h e  s u r f a c e  w a s  Cu/Zn/O/C = 15.0/9.9/6.2/68.¶ %. No Fe was d e t e c t e d  
by Auger o r  X-ray pho toe lec t ron  spec t roscopy .  Thus, i t  appea r s  t h a t  carbon covered  
t h e  i r o n  and most of t h e  ZnO s u r f a c e ,  b u t  much of  t h e  copper  phase  w a s  l e f t  exposed. 
The BET s u r f a c e  a r e a  Of t h e  used c a t a l y s t ,  a s  removed from t h e  r e a c t o r  under  a 
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TABLE 2 

Reac tan t  Concen t r a t ion  E f f e c t s  on Alcohol  S y n t h e s i s  over  t h e  1.2% I r o n  
C a t a l v s t  a t  25OOC. 75 a t m .  5000 h r - l  and  H2/CO/CO2 = 30/70/0  t o  70/30/0.  
C a t a l y s t  Charge = 2.4524g. 

H2/m/m2 (M1%) 3 0/7 0/0 

Conversion 

co ( r n l % )  1.5 
(ml/kg ca th -1  2.7 

Y i e l d s  (g/kg cat/hr) 
*than01 4 . 1  
Ethanol 3.2 
1-pmpanol  1.8 
2 - p m p o l  0.2 
1-Butanol 0.9 
1-Pentanol  0.4 

S e l e c t i v i t y  (c atan%) 

Carton Dioxide 41.5 
Methanol 4.8 
C2-C5 Alc~hols 11.4 
C1-C7 Itydrocarbns 42.3 

40/60/0 50/50/0 

2.8 4.3 
4.1 5.4 

9.2 15 .1  
6.5 9.4 
3 .9  5.4 
0.4 0.5 
2.0 2.9 
1 . 0  1.5 

30.5 23.9 
6.9 8.7 

15.9 17.4 
46.7 50.0 

60/40/0 

6.5 
6.5 

18.2 
10.6 

5.6 
0.4 
2.9 
1.5 

19.6 
8.8 

15.4 
56.2 

70/30/0 

8.2 
6 . 1  

17.7 
9.0 
4.9 
0.4 
2.7 
1.3 

16.8 
8.9 

14.2 
60.1 

n i t r o g e n  a tmosphere ,  was 0.4 m2/g, and t h i s  c o n t r a s t s  w i t h  t h e  s u r f a c e  a r e a  of 
37-40 m2/g f o r  t e s t e d  b i n a r y  Cu/ZnO = 3 0 / 7 0  c a t a l y s t s  (25 ,26) .  
t e s t e d  t e r n a r y  c a t a l y s t  w i th  cyc lohexane ,  t h e  s u r f a c e  a r e a  was found t o  be 1 5  m2/g. 

A f t e r  washing t h e  

DISCUSSION 

The composi t ion  o f  t h e  s y n t h e s i s  g a s  mix tu re  h a s  a pronounced e f f e c t  on  t h e  
s e l e c t i v i t y  observed  o v e r  t h e  Fe/Cu/ZnO c a t a l y s t .  
t h e s i s  g a s  t e n d s  t o  f a v o r  t h e  fo rma t ion  of low molecular  weight  p roduc t s ,  i . e .  
methanol and methane. When C02 i s  removed from t h e  r e a c t a n t  stream, carbon cha in  
growth i s  promoted, a p p a r e n t l y  due t o  exposure  of  sites a c t i v e  i n  t h e  t r a n s f e r  of 
a l k y l  groups .  
ox ide ,  a l c o h o l s ,  and hydrocarbons  i n c r e a s e d  as t h e  H2/CO r a t i o  w a s  i n c r e a s e d  from 
0.43 to  2.33. 
which t h e  r a t e  of  s y n t h e s i s  i nc reased  as t h e  hydrogen c o n t e n t  of t h e  f eed  inc reased  
( 6 ) .  

The p resence  of CO2 i n  t h e  syn- 

I n  t h e  absence  of  C 0 2 ,  t h e  pe rcen tage  of  CO conver ted  t o  carbon d i -  

S i m i l a r  behav io r  h a s  been  observed  w i t h  o t h e r  i r o n  c a t a l y s t s ,  f o r  

The carbon cha in  growth r e a c t i o n s  t h a t  occu r red  ove r  t h e s e  i ron -con ta in ing  Cat- 
a l y s t s  c a n  be t r e a t e d  a s  a po lymer i za t ion  p rocess  i n  which t h e  molecu la r  weight  
d i s t r i b u t i o n  o f  p roduc t s  is de termined  by t h e  cha in  p ropaga t ion  and cha in  t r a n s f e r  
s t e p s .  
fo l lowing  equat ion:  

The Schulz-Flory  molecular  weight d i s t r i b u t i o n  can  be de r ived  t o  g i v e  t h e  

N, = No(1-a)2ax-1, 1 )  

where Nx i s  t h e  t o t a l  number of molecules  c o n t a i n i n g  x carbon atoms, No i s  t h e  t o t a l  
number of monomer u n i t s  (-CH2-) i n  t h e  system, and a i s  t h e  p r o b a b i l i t y  of cha in  
growth (28). Equa t i ion  1 can b e  expres sed  i n  l o g a r i t h m i c  form as 
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\ TABLE 3 

E f f e c t s  of I sopropylamine  on Product  D i s t r i b u t i o n s  over  a 1 .2% Fe 
Con'taining Cu/ZnO C a t a l y s t  a t  235OC, 75 atm, 5000 h r - l ,  and H2/CO/C02 = 
70/30/0 ~ 0 1 % .  C a t a l y s t  Charge = 2.414 g .  (R = i s o p r o p y l ) .  

Isopropylamine i n  Feed ( u l l m i n )  

H2ICOIRNHp (molar r a t i o )  

CO Conversion (mol%) 
(mol/kg/hr)  

Products  (xlO+4 mol /hr )  
c1-C~ Alcohols  
C1-C7 Hydrocarbons 
Amines: 

R-NH-CH3 
R-N-(CH3) 2 
R-NH-C2H5 
R-N-(CH~,CZH~) 
R-N-(C2H5)2 
R-NH-(n-C3H7) 

C e r t a i n  Molar R a t i o s  
Alcohols /Hydrocarbons 
O l e f i n s / P a r a f f i n s  

l o g  ( N ~ / N ~ )  = l o g  [ ( 1 - a ) 2 / a ]  + xloga .  

0 

2.33/1.00/0 

4.45 
3.4 

7.03 
38.43 

0 
0 
0 
0 
0 
0 

0.2 
0.1 

20 

2.33/1 .OO/O.  08 

4.38 
3.3 

0 
23.01 

1 . 0 1  
1.34 
0.70 
7 .71  
0.35 
0.38 

0 
1.4 

I f  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  of l o g  (Nx/No) v s  x g i v e s  a s t r a i g h t  l i n e ,  and t h e  
v a l u e s  of a determined from t h e  i n t e r c e p t  and t h e  s l o p e  a r e  i n  good agreement ,  then  
t h e  molecular  weight  d i s t r i b u t i o n  f o l l o w s  t h e  Schulz-Flory law. 

F igure  1 demonst ra tes  t h a t  bo th  t h e  a l c o h o l s  and t h e  hydrocarbons produced over  
The p r o p a g a t i o n  c o n s t a n t  (a) i s  t h e  Fe/Cu/ZnO c a t a l y s t  f o l l o w  t h e  Schulz-Flory law. 

0.32 f o r  t h e  a l c o h o l s ,  w h i l e  i t  is  e q u a l  t o  0.55 f o r  t h e  hydrocarbons.  T h i s  d i s -  
t i n c t  d i f f e r e n c e  i n  a v a l u e s  a g a i n  s u g g e s t s  t h a t  t h e  a l c o h o l s  and t h e  hydrocarbons  
a r e  formed by d i f f e r e n t  pathways over  t h i s  c a t a l y s t .  
lower  tempera ture  o f  235'C, t h e  d i s t r i b u t i o n s  f o r  a l c o h o l s  and hydrocarbons  y i e l d  a 
v a l u e s  of 0 .47 and 0.53, r e s p e c t i v e l y .  
t o r  feed  g a s  (Table  3 ) ,  t h e  product ion  of a l c o h o l s  was s topped ,  w h i l e  t h e  hydrocar-  
bon d i s t r i b u t i o n  w a s  s h i f t e d  toward l o n g e r  c h a i n  p r o d u c t s  t o  g i v e  a = 0.58. The 
d i s t r i b u t i o n  of a l k y l  groups  on t h e  product  amines (exc luding  t h e  i s o p r o p y l  group)  
y i e l d e d  a non- l inear  p l o t ,  showing t h a t  t h e  format ion  of  t h e s e  a l k y l  groups  do not  
f o l l o w  t h e  Schulz-Flory d i s t r i b u t i o n .  This  i n d i c a t e s  t h a t  t h e  amines p r i m a r i l y  at- 
t a c k  t h e  a l c o h o l  p r e c u r s o r .  I f  t h e  amines had r e a c t e d  w i t h  t h e  a l c o h o l s  a f t e r  they  
formed, t h e  Schulz-Flory d i s t r i b u t i o n  of t h e  a l k y l  groups  would have produced t h e  
same d i s t r i b u t i o n  as t h a t  of t h e  a l c o h o l s  w i t h  a =  0.47. 

I n  t h e  absence  of CO2 and a t  a 

Upon a d d i t i o n  of i sopropylamine  t o  t h e  reac-  

The y i e l d  of C2 s u b s t i t u t e d  amines l i e s  above t h e  expec ted  v a l u e  found f o r  t h e  
a l c o h o l  d i s t r i b u t i o n ,  w h i l e  t h e  q u a n t i t i e s  of C 1  and C3 a l k y l a t e d  amines f a l l  below 
t h e  expected v a l u e s .  
p r e v i o u s l y  (29), t o  form a C p  oxygenated s p e c i e s  t h a t  is r e a d i l y  a t t a c k e d  by t h e  
amine. The r e s u l t s  of t h e  p r e s e n t  amine t r a p p i n g  exper iments  a r e  i n  c o n t r a s t  to 
t h o s e  obta ined  w i t h  ammonia and s y n t h e s i s  g a s  over  o t h e r  i r o n  c a t a l y s t s  ( 3 0 ) .  
t h e  l a t t e r  work, e x c l u s i v e l y  pr imary amines were formed t h a t  obeyed t h e  Schulz-Flory 
d i s t r i b u t i o n  t o  g i v e  a =  0.69. It was proposed t h a t  ammonia a t t a c k e d  (-CHx) i n t e r -  

T h i s  could  b e  due t o  a methyl  t r a n s f e r  r e a c t i o n ,  a s  r e p o r t e d  

In 
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media t e s .  However, i n  t h e  p re sence  work, i t  i s  e v i d e n t  t h a t  t h e  amines r e a c t e d  wi th  
t h e  oxygenated i n t e r m e d i a t e s  and t h a t  t h e  hydrocarbon i n t e r m e d i a t e  w a s  l e f t  e s s e n t i a l l y  
und i s tu rbed .  

CONCLUSIONS 

While a comple t e  mechan i s t i c  r e a c t i o n  scheme has  n o t  been v e r i f i e d  f o r  t h i s  
c a t a l y s t  system, t h e  fo l lowing  conc lus ions  have been deduced from t h e  exper imenta l  
da t a :  

( a )  bo th  a l c o h o l s  and hydrocarbons  are pr imary  p roduc t s  formed ove r  t h e  Fe/ 
CulZnO c a t a l y s t s ,  

(b) t w o  po lymer i za t ion  p r o c e s s e s  a r e  i n d i c a t e d ,  one wi th  s h o r t  carbon cha in  
l e n g t h  €or a l c o h o l s  and one  w i t h  t h e  u s u a l  cha in  l e n g t h  € o r  hydrocarbons ,  

(c )  t h e  a l c o h o l s  a r e  formed by i n t e r a c t i o n  of  methanol p r e c u r s o r s  and  i ron -  
bound i n t e r m e d i a t e s ,  w i th  t h e  methanol p recu r so r  behaving  a s  a monomer i n  the  a l -  
cohol s y n t h e s i s ,  

(d) t h e  optimum c a t a l y s t s  f o r  t h e  s y n t h e s i s  of C2-C5 a l c o h o l s  c o n t a i n  m a l l  
amounts o f  i r o n  ( - I % ) ,  which is homogeneously d i s p e r s e d  throughout  t h e  c a t a l y s t ,  
and 

(e )  hydrocarbon growth appea r s  t o  occur  v e r y  a c t i v e l y  over  Fe-Cu i n t e r m e t a l l i c  
p a r t i c l e s .  
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